Ferroelectricity in nanocrystalline Hf0.5Zr0.5O2 thin films by Sang, Lun
LUND UNIVERSITY
MASTER THESIS
Ferroelectricity in nanocrystalline
Hf0.5Zr0.5O2 thin films
Author:
Sang Lun
Supervisor:
Dr. Mattias Borg
Nanoelectronics Group
Department of Electrical and Information Technology, LTH
February 26, 2018
iLUND UNIVERSITY
Abstract
Faculty of Engineering
Department of Electrical and Information Technology, LTH
Master of Science
Ferroelectricity in nanocrystalline Hf0.5Zr0.5O2 thin films
by Sang Lun
Hafnium dioxide (HfO2) based thin films doped with various dopants (Si, Ge, Al,
Gd, Sr, Zr) have been found to exhibit ferroelectricity. These dopants were found
to stabilize the III orthorhombic phase in the hafnium oxide based thin films. This
characteristic enables and allows various applications ranging from Non-volatile
memory, Ferroelectric Field-Effect-Transistors, to Negative Capacitance Field-Effect-
Transistors. In this master thesis, ZrO2 were used as a dopant to vary the crys-
tallinity of HfO2 during rapid thermal annealing at various temperatures in nitrogen
ambient. The structure of Hf0.5Zr0.5O2 (HZO) was fabricated using 50% ZrO2 and
50% HfO2 with precise control by the Atomic Layer Deposition technique. A pla-
nar metal-ferroelectric insulator-metal capacitor (Au/TiN/HZO/TiN/Si) was fab-
ricated and analyzed using a probe station to investigate the electrical properties.
Prior to the top metal deposition, the surface and interface properties such as thick-
ness, roughness, and density, were observed using x-ray reflectivity measurement.
Polycrystallinity was observed using grazing-incidence x-ray diffraction measure-
ments in only a few samples. The potential issues related to the process steps are dis-
cussed. The electrical measurements showed large leakage. A reference capacitor,
Au/HfO2/TiN/Si structured capacitor was fabricated. This pure HfO2 based ca-
pacitor did not show leakage behavior. Further paths to improvement is discussed.
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Introduction and background
In the past, the applied voltage on Metal-Oxide-Semiconductor Field-Effect Transis-
tors (MOSFETs) has been scaled down in each generation of electronic circuits giving
increasing efficiency and lower power consumption. The capacity and performance
of the Complementary Metal–Oxide–Semiconductor (CMOS) technology is stated
by Moore’s law, that the number of transistors of an integrated circuit doubles each
two years. However, the challenge of scaling down devices to sub-20nm range is
tough as the subthreshold swing of the scaled MOSFET in room temperature is lim-
ited to 60 mV/dec. Thus, there is a strong effort to fabricate new devices which can
have steeper turn-off than a traditional MOSFET, the so called steep-slope device,
for the purpose of ultra-low power applications in e.g. memory technology, digital
circuits, and sensors etc.
One type of steep-slope device is the Negative Capacitance Field-Effect-Transistor
(NCFET) wh-ich uses negative capacitance in the gate stack to amplify the applied
voltage. The NCFETs are based on the inclusion of ferroelectric material as the gate
oxide insulator instead of the traditional dielectrics. Ferroelectricity was first found
and researched in Rochelle salt by Valasek in 1920, and has been studied for decades.
Valasek observed and reported the polarization versus electric field (the hysteresis
loop) in analogy with the case of the magnetic hysteresis loop of iron [31]. Nowa-
days, ferroelectric materials play an important role in piezoelectric, pyroelectric, and
optical devices [32].
Traditionally, the ferroelectric materials such as barium titanate (BaTiO3, BTO),
lead titanate (PbTiO3, PZT), and SrBi2Ta2O9 (SBT, a kind of ceramics) etc. with per-
ovskite structure were widely studied. The Ferroelectric Random Access Memory
(FeRAM) have been based on these perovskite materials because such devices have
potential advantages of non-volatility, non-destructiveness etc. [30]. However, the
direct integration of perovskite materials on the silicon (Si) substrates has been chal-
lenging. One of the reasons is that a thin silicon dioxide (SiO2) layer is formed on the
Si substrate prior to perovskite deposition. This oxide layer (SiO2) and thus the de-
polarization field weakens the stability of the polarization states from the perovskite
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materials. Also, the quality of the interface between the ferroelectric layer and the
Si substrate is unfavorable in many cases [31]. For the Ferroelectric Field-Effect-
Transistor (FeFET), in which the ferroelectric material is integrated into the gate
stack of the FET, the control of the quality is difficult [30]. In brief, the perovskite ma-
terials have their own natural drawbacks: relatively small electrical bandgap, vul-
nerable to leakage current and electrical breakdown, large thickness (about 100 nm)
is required for the charge-based FeRAM. Besides, although the lead-based materi-
als (e.g. lead titanate) exhibit good performance, it is forbidden in many countries
because of its contamination of the environment. Thus, new ferroelectric materi-
als with larger bandgap value and remanent polatization value, without lead con-
stituent and thin enough to be compatible with traditional Si technology are impor-
tant for future devices [30].
In recent years, hafnium dioxide (HfO2) based material (also the chemically and
structurally similar one, zirconium dioxide, ZrO2) with various dopant (Si, Al, Zr,
Y, and La etc.) has attracted special attention and interest because it has relatively
higher dielectric constant (about 20 ∼ 30) than that of silicon dioxide, larger bandgap
(∼ 5.5 eV) than the perovskite materials, and thermal stability. HfO2 as well as
ZrO2, are high-k dielectrics, which have been included as gate dielectric for CMOS
technology and capacitor dielectric layer. With various dopants and process con-
ditions, HfO2 can become ferroelectric or antiferroelectric. Ferroelectric materials
have remanent polarization (±Pr) at zero electric field, and the +Pr can be ”1” or
”up” state while the −Pr can be ”0” or ”down” state, for memory application. The
dipole moments within ferroelectric materials are parallel with respect to the exter-
nal electric field. In contrast, the antiferroelectric materials have double hysteresis
loops as shown in Fig. 1.1b. This kind of material is stable under certain applied
electric field conditions. However, the dipole moments within the antiferroelectric
material are anti-parallel with neighboring dipole moments and cancels each other.
This antiferroelectricity was first observed and studied by Kittel in the 1950s [14].
The antiferroelectric materials are not suitable for memory application due to its
lack of spontaneous polarization under zero electric field. Nevertheless, antiferro-
electric materials can be used as energy storage, infrared sensors etc. [26].
The solid solution of HfO2 and ZrO2, Hf1−xZrxO2 has been widely studied and
researched recently. Various phase content under different conditions, theoreti-
cal free energy calculations, and other metrology-based techniques have been re-
searched. The ferroelectricity of Hf0.5Zr0.5O2 with Pr of 16 µC/cm2 and Ec of 1
MV/cm was first reported by J. Müller et al. in 2011 [23]. This solid solution to-
gether with the contents can be precisely controlled by the Atomic Layer Deposition
(ALD) technique, which is a mature technique in semiconductor techniques.
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(A) Polarization versus elec-
tric field loop of ferroelectric
material
(B) Polarization versus elec-
tric field loop of antiferro-
electric material
FIGURE 1.1: Typical curve of ferroelectric and antiferroelectric material
[32].
In this master thesis, a capacitor of Hf1−xZrxO2 sandwiched by a top and bot-
tom titanium nitride (TiN) metal contact was fabricated. gold (Au) metal contact
was evaporated on top of TiN, followed by wet etching of the top TiN using APM
solution. The goal of this thesis was to investigate the ferroelectric properties of
Hf1−xZrxO2 films processed in the Lund Nano Lab, for future use in NCFETs. X-ray
reflectivity (XRR), Grazing incidence x-ray diffraction (GIXRD), and electrical mea-
surement were done to characterize the samples. The possible reasons for various
issues with the fabricated devices were considered and analyzed.
4Chapter 2
Theory
2.1 Ferroelectrics materials
2.1.1 Crystal classes
The lattice structure (described by the Bravais unit cell) and the arrangement of the
lattice determines its structural symmetry which affects physical properties of the
crystal lattice (e.g. dielectric, elastic, piezoelectric, pyroelectric, ferroelectric, and
other optical properties) [33]. Crystalline materials are classified into thirty-two
macroscopic symmetry types, named 32 point groups. The branch of each clas-
sification is summarized in Fig. 2.1. For a piezoelectric type material, when me-
chanical force is applied, the positive charge and the negative charge deviate from
their original positions in the crystal lattice and produce polarization.This is called
the piezoelectric effect which belongs to the noncentrosymmetric type. The non-
centrosymmetric type includes 10 pyroelectric types and 10 non-pyroelectric types.
The polarization magnitude of pyroelectric materials can be tuned by temperature
which changes the equilibrium position of the atoms comprising the crystal. This is
the main characteristics of pyroelectric materials.
2.1.2 Ferroelectric characteristics
Certain materials exhibit spontaneous dipole moment without applying an external
electric field. These are called ferroelectric materials. For instance, the center of the
positive charges do not coincide with the center of the negative charges of the crystal
unit cell [15]. The direction of the spontaneous dipole moment can be switched by
the external electric field.
Ferroelectricity disappears above a certain transition temperature, called the Curie
temperature (TC). Above TC, the crystal changes from the polarized state (low tem-
perature) to the unpolarized state (high temperature) due to the destruction of the
ferroelectric state by thermal motion [15].
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FIGURE 2.1: Crystal materials, its branch, and ferroelectric [33].
When a strong electric field is applied to ferroelectric materials, two equilibrium
states exist, called up states and down states. Fig. 2.2 exemplifies up state and down
state of a ferroelectric material. The up state and down state within the crystal is sep-
arated by the so-called domain-wall (white dashed line in the middle in Fig. 2.2). A
domain is a region of the crystal which has the same polarization state through-out,
while in adjacent domains (regions) the polarization is oriented in a different way.
The thickness of the domain-wall depends on the material. If the net total dipole
moments in each domain equals to zero, this material does not have ferroelectric
characteristics.
2.1.3 Capacitor and theoretical basis
Normally, an ideal capacitor is made of an insulator (dielectric) sandwiched between
two highly conductive layers. The direct current (DC) cannot pass through it while
the alternative current (AC) can. As the AC current passes through the capacitor,
positive and negative charges are induced and stored on both sides of the capacitor.
Fig. 2.3 illustrates an ideal plate capacitor. The thickness is defined as the distance
between the two conductive layers. The electric field is calculated as the applied
voltage divided by the dielectric thickness, shown in Eq. 2.1. The charge stored by
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FIGURE 2.2: Up states (left) and Down states (right) of ferroelectric
crystals [15].
the capacitor within time interval t1 to t2 is defined as the current integration from
t1 to t2, shown in Eq. 2.2 [7].
ε =
Vapplied
Zdielectric thickness
(2.1)
Q(t) =
∫ t2
t1
I dt (2.2)
The dielectric displacement, D, is defined as the total charge stored in the capac-
itor divided by the surface area, A, which is shown in Eq. 2.3 [7].
D(t) =
Q(t)
A
(2.3)
The relation between dielectric displacement, D, and the electric field, E, is shown
in Eq. 2.4. For high permittivity ferroelectrics, the polarization is nearly equal to the
dielectric displacement [7].
D(t) = P(t) + ε0E(t) (2.4)
where ε0 is vacuum permittivity.
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FIGURE 2.3: An ideal capacitor consists of an insulator sandwiched
between two conductance layer.
2.1.4 Ferroelectric hysteresis loop
The polarization versus electric field (P-E) loop at a given frequency for an ideal
linear capacitor is a straight line, which is shown in Fig. 2.4a. According to the
response in the alternative current of the ideal linear capacitor, shown in Eq. 2.5, the
instantaneous current response, i, has a proportional relationship to the derivative
of the instantaneous rate of the voltage variation, dV/dt [17].
i(t) = C
dV(t)
dt
(2.5)
where i(t) is the instantaneous current, C the capacitive value, dV/dt the instanta-
neous rate of the voltage variation.
For instance, if a sine wave voltage signal is set as the input signal to the ideal
linear capacitor, the current response of this ideal linear capacitor is the cosine wave
function derived from Eq. 2.5. Thus the slope of an ideal linear capacitor is pro-
portional to the capacitance and the current leads the voltage by 90 ◦ in phase. The
charge is in phase with the voltage [7]. In contrast, Fig. 2.4b shows the P-E loop
of an ideal resistor. The P-E loop is an ellipse with center at the origin because the
voltage and current are in phase.
One significant feature of a ferroelectric materials is polarization reversal by an
external electric field. The domain-wall switching of ferroelectric materials result in
the so-called ferroelectric hysteresis loop [9].
Fig. 2.5 shows a typical hysteresis loop, the polarization versus electric field of
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(A) P-E loop of an ideal ca-
pacitor
(B) P-E loop of an ideal resis-
tor
FIGURE 2.4: Polarization against electric field loop of an ideal capacitor
and an ideal resistor, respectively [7].
a ferroelectric material. As the electric field is increased from zero, the polarization
goes up gradually, corresponding to curve AB in the figure. The power of the ex-
ternal electric field is not strong enough to switch the unaligned dipole moments.
Further increasing the electric field, the dipole moments (also the misaligned dipole
moments) in each domain tend to change and align to the external electric field,
which correspond to curve BC (nonlinear). The unfavorable dipole moments in each
domain start to switch with respect to the external electric field. Once all the dipole
moments are aligned (point C), the ferroelectric material behaves as a linear dielec-
tric (curve CD). When the electric field decreases to zero, the polarization remains
nonzero because the polarized domains do not switch back easily. This polarization
(point E) is called remanent polarization. Continued increase of the electric field in
the negative direction, the polarization can be reduced to zero. The corresponding
electric field (point F) is called coercive field. If the electric field is increased further
in the negative direction, all the dipole moments realign with the external electric
field and saturation occurs again (point G). Reducing the electric field from point
G and increasing the electric field to point D again, the cycle is repeated. Ideally,
the hysteresis loop is symmetrical. The spontaneous polarization, Ps, is normally
chosen as the extrapolation of line CD with the polarization axis.
Once both the coercive field ±Ec are confirmed, the internal bias field, Ei, can be
calculated as in Eq. 2.6. This quantity provides the information regarding the shift
of the P-E loop along the electric field axis due to the domain stabilization effects
[7].
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FIGURE 2.5: Ferroelectric hysteresis loop. Ps is the spontaneous polar-
ization, Ec the coercive field, PR the remanent polarization [9].
Ei =
E+c + E−c
2
(2.6)
2.2 Ferroelectricity of HfO2 based thin film
Traditional ferroelectric materials, the perovskite structure materials such as PbZrO3,
BaTiO3, PbTiO3 have been vastly researched and studied. However, these per-
ovskite structure materials suffer from issues including large thickness, small bandgap,
poor Si compatibility, and environmental contaminants related to Pb.
Recently, it has been found that various dopants (such as Si, Al, Y, and Zr) in
hafnium dioxide, HfO2 based thin films exhibit ferroelectricity or antiferroelectricity.
The HfO2 based thin films can be made very thin (around 10 nm or less), and have
a larger bandgap (equal or above 5 eV). These characteristics are believed to make
a HfO2 based thin films promising candidate for new building blocks in memory
applications, ferroelectric field-effect-transistors and three dimensional capacitors
[26].
Hafnium dioxide, HfO2, Zirconium dioxide, ZrO2, as well as their solid solution,
Hf1−xZrxO2, have also been widely studied. Hf1−xZrxO2 is abbreviated as HZO
when the composition of Hf and Zr are 50%. Table. 2.1 summarizes properties of
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HfO2 and ZrO2 [8]. HfO2 and ZrO2 have similar physical structure and chemical
properties. They are used as high-k dielectric layer for the application in metal-
oxide-semiconductor field effect transistors (MOSFET) and DRAM.
HfO2 and ZrO2 have various polymorphs in the bulk phase which depend on
the temperature and pressure. Increasing the temperature or pressure, the phase of
HfO2 and ZrO2 may transform into another phase. This transition temperature of
both binary oxide are summarized in table. 2.2. Besides the monoclinic phase (m-
phase), tetragonal phase (t-phase), and cubic phase (c-phase), orthorhombic phases
exist: an orthorhombic I phase (o-phase), an orthorhombic II phase (oII-phase), a
polar orthorhombic III phase (polar f-phase). The transformation from monoclinic
to orthorhombic phase can be observed at various pressures. The pressure for m-
phase to o-phase is 4-12 GPa for both HfO2 and ZrO2. The oII-phase occurs at a
very high pressure value above 20 GPa for both HfO2 and ZrO2. However, this
case, with too high pressure, is not relevant in most thin film applications. When
applied asymmetric stress, a polar orthorhombic III phase (polar f-phase) can be
observed [21], which is stable under various stress, chemical or surface conditions
[26]. The crystallization temperature required for the HZO to form the polar f-phase
is also not high (around 400 ∼ 600 ◦C), compared to the silicon-doped HfO2 (1000
◦C). The low annealing temperature may be a desired merit of HZO films for the
process. The dielectric constant (er) of HZO is around 28 ∼ 33 [26]. In this project,
HZO films with polar f-phase were studied. To achieve the polar f-phase of the
HZO, some additional factors have to be considered.
TABLE 2.1: Properties of Hafnium dioxide and Zirconium dioxide
HfO2 ZrO2
Dielectric constant ∼30 ∼25
Refractive index ∼2.2 ∼2.05
Density (g/cm^3) ∼9.68 ∼6.1
Radius of Hf & Zr [26] 155pm 155pm
TABLE 2.2: Phase transformation temperature of HfO2 and ZrO2
HfO2 ZrO2
monoclinic to tetragonal 2073 K 1270K∼1370 K
tetragonal to cubic 2900 K about 2650 K
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2.2.1 Effect of grain size
The grain size and its formation affect the ferroelectric properties, and the film thick-
ness and the temperature affect the grain size. It is critical that the HZO film is de-
posited in the amorphous phase and crystallized in rapid thermal annealing. Dur-
ing the rapid thermal annealing process, capping a top electrode (TiN in this project)
avoids shearing and volume expansion of the crystal unit cell [6].
2.2.2 Effect of thickness
The effect of the film thickness on the ferroelectricity of the Hf1−xZrxO2 solid so-
lution was investigated [27]. When the thickness was around 10 nm, the remanent
polarization value (Pr) of the HZO film was the largest (15 µ C/cm2). As the thick-
ness of the HZO increased, the Pr is decreased. The effect of the thickness on Pr can
be attributed to the change in grain size of the HZO film, if the film was developed
by atomic layer deposition technique. Also, the average grain size is dependent on
the thickness of the film. Thus, the limited maximum thickness of Hf1−xZrxO2 film
to achieve ferroelectricity characteristic properties was found to be lower than 20
nm [26].
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2.3 Titanium Nitride
Titanium nitride (TiN), a hard and metallic material, has been used in various appli-
cation, e.g. as a non-toxic and coating material for medical purpose, for decorative
purpose due to its gold color appearance, or as a diffusion barrier for copper in
electronics [22]. TiN plays an important role in electronics field due to its low re-
sistivity and high thermal stability, which makes it a choice as electrode material in
dynamic random access memory (DRAM), and metal gate in complementary metal
oxide semiconductor (CMOS) structures [22]. For instance, TiN serves as a conduc-
tive barrier to block the diffusion of other metals into the silicon. TiN can also be
used in bioelectronic applications due to its high biocompatibility.
The use of TiN as the top metal material and as bottom metal material in electron-
ics field has been reported in many papers [4] [5] [19] [20] [25], TiN as the top cover
metal electrode has successfully enhanced the ferroelectricity of the HfO2 based
films.
The most common methods to deposit TiN are physical vapor deposition (PVD,
such as sputter deposition) and chemical vapor deposition (CVD). In this work, TiN
is grown by atomic layer deposition (ALD) from tetrakis(dimethylamin-o)titanium
(TDMAT). Thin films can be made uniform and conformal using the ALD technique
based on sequential reactions between a precursor and a reactive gas. Compared
with the traditional CVD technique, the ALD technique should result in pinhole-
free, conformal films [22].
2.3.1 Effect of top electrode and annealing
TiN has been used as top and bottom metal contact for the ferroelectric HfO2 based
thin film, and the capping top electrode, TiN, is known to be critical for the ferroelec-
tricity of the HfO2 based thin film. The Si-doped HfO2 thin films were crystallized
before or after the deposition of the capping TiN layer, by Böscke et al [26]. In GIXRD
it was found that the diffraction peaks of the Si-doped HfO2 with capping top elec-
trode, showed less peaks from the m-phase (non-FE phase). The authors argued that
the TiN capping layer played an important role as a mechanical confinement, which
prevents the volume expansion and shearing of the monoclinic unit cell, thus sup-
pressing the formation of the non-FE phases. Most HfO2 based thin film reported
have been prepared with the presence of the TiN capping layer [26].
HZO films on the other hand, appear less influenced by the top TiN capping
layer. It was reported that the Pr, with and without TiN capping layer, was almost
equivalent [26]. This might be related to the lower annealing temperature (400-600
◦C) for the HZO. The low annealing temperature did not induce any large grain
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growth and the m-phase was hindered despite the absence of the TiN capping layer
[26].
2.4 X-Ray Metrology
2.4.1 Introduction of the x-ray measurement technique
Among different surface characterization techniques, the x-ray diffraction (XRD)
technique which has been used to characterize thin-films, is a well-known and com-
monly used technique. Specifically, the x-ray technique shows various advantages:
it is non-destructive, can be performed under atmosphere and under high-temperature
or high-pressure conditions. It can obtain information on a large area (several square
centimeters). The penetration depth can be controlled by tuning the incidence angle
of the x-ray beam [12].
The interaction of x-rays and electrons in a solid is used for investigation of struc-
tural information and for characterization of various thin films. The x-ray diffraction
technique is used to obtain atomic information of solids. Each crystalline material
has its unique x-ray diffraction pattern. Diffraction effects can be observed when
electromagnetic radiation interacts with atomic structures while the interatomic dis-
tance (in the nanometer range) is comparable to the wavelength of the radiation
(1∼8 nm) [1]. Thus, constructive and destructive interference is observable, which
provide information regarding crystal structure, unit cell, interplanar distance, and
orientation. Normally, the wavelength of x-rays are in the nanometer range. In this
work the x-ray used was Cu-Kα (0.154∼nm). The relation of energy E and wave-
length, λ, of the x-ray is defined in Eq. 2.7 and 2.8:
E =
hc
λ
(2.7)
f =
c
λ
(2.8)
where E is energy in electron volt, h is the Plank constant, c is the speed of light,
λ is the wavelength, and f is the frequency.
By inserting Eq. 2.7 into Eq. 2.8, the relation becomes as Eq. 2.9 [28].
λ =
hc
h f (E)
=
1.24
h f (E)
(µm) (2.9)
The unit of the energy (E), is in electron volt.
When analyzing thin film, the lattice planes and the incidence direction of the x-
ray should be considered beforehand. By applying different measurements, various
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information can be obtained from the thin film. Fig. 2.6 illustrates a simple example.
Normally, when applying conventional measurements (also called 2θ/θ measure-
ment), one can only obtain the information of the lattices planes that are parallel to
the sample surface. The incidence angle of the x-ray beam and the diffracted x-ray
beam have the same angle, θ, and this measurement is called a symmetrical reflec-
tion measurement. Another kind of measurement geometry, called asymmetrical
measurement, is used to measure the lattice planes that are inclined to the sample
surface. In the asymmetrical measurement geometry, the incidence angle of the x-
ray and detector angles are not the same with respect to the sample surface. The
asymmetrical measurement is often used in combine with symmetrical measure-
ment to separate effects of strain and composition. In contrast, the In-plane mea-
surement geometry provide information of lattice planes that are perpendicular to
the sample surface. In addition, X-ray reflectivity (XRR) is used to obtain thickness
and density of the thin film [12]. In this master thesis, XRD and XRR were used to
analyze polycrystalline ferroelectric material.
FIGURE 2.6: Various X-ray diffraction measurement and its schematic
view [12].
2.4.2 Scattering vector
Fig. 2.7 shows the process of an incoming x-ray interacting with an electron. The
electron has mass m, charge e at position R0. The x-ray is described by a plane wave
E0exp(−iK0R0), where E0 is the electrical field vector and K0 the wave vector. K0
indicates the direction of the incoming x-ray and K the scattered x-ray direction.
The angle between the incoming x-ray and the scattered x-ray is denoted by 2θ.
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When the incoming x-ray impinges on the electron, the electron oscillates and emits
radiation of the same wavelength as the incoming x-ray. A phase shift of pi occurs
after the scattering process. However, this pi shift occurs for each scattered wave
and has therefore negligible effect on the interference pattern. The amplitude of the
scattered wave E at position R is defined in Eq. 2.10 [1]:
FIGURE 2.7: Illustration of interaction of X ray with an electron [1].
E(R) = E0
1
4piε0R
e2
mc2
sin 6 (E0, R)exp(−iKR) (2.10)
Where c is the speed of light, ε0 the vacuum permittivity, 6 (E0, R) the angle be-
tween the E0 and R.
The scattering vector, Q, is defined as K− K0, and is directed along the bisection
of the incoming x-ray and the scattered x-ray, shown in Fig. 2.8. Another analog
physical meaning of the scattering vector, Q, is the momentum transfer. The ampli-
tude of the scattering vector, Q, is 4pi sin(θ)λ , where θ the incidence angle and λ the
wavelength of the x-ray. When the sample is scanned by x-rays, the variation of the
diffracted intensity for different values of the scattering vector Q gives information
regarding the diffraction pattern.
2.4.3 High resolution x-ray diffractometry
To obtain a high resolution x-ray beam, a crystal is used to monochromate and col-
limate the incoming x-ray beam. The crystal is commonly made from a perfect sin-
gle crystal of Ge. Table. 2.3 summarizes the various crystals and their capability.
Ge(220) 2-bounce was used and mounted in the x-ray diffractometry tool in this
study. It gives an angular resolution of 0.01 ◦ [16].
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FIGURE 2.8: Definition and direction of the scattering vector [1].
TABLE 2.3: various crystals and its function and capability.
Optics Slit collimation Ge(220) 2-bounce Ge(220) 4-bounce
Resolution 0.05 degree 0.01 degree 0.0033 degree
Monochromaticity of
wavelength Kα1 + α2 + (Kβ) Kα1 part of Kα2
Relative intensity 1 1/20 1/100
2.4.4 Miller indices and interplanar spacing
The arrangement of atoms on crystallographic planes can be identified by Miller in-
dices, the three integers (hkl). Properties such as electrical conductivity and other de-
vice characteristics of a crystal along various directions can be different. The Miller
indices are obtained and calculated like this: 1. Calculate and find the plane that you
are interested in Cartesian coordinates (x, y, z space) using the lattice constant. 2.
Calculate the reciprocals of these numbers and make them the smallest three inte-
gers. These three integers should have the same ratio, that are hkl [29]. Other rules
of Miller indices also applies: 1. If a lattice plane intercepts the axis on the negative
side from the origin, the symbol ”–” is added to the top of h,k, or l. For instance,
(h¯kl) means that the intercepts of a lattice plane with the x axis has a negative value.
2. {hkl} denotes the lattice planes of equivalent symmetry. 3. [hkl] is used for a di-
rection normal to a lattice plane [29]. Fig. 2.9 shows an example of various lattice
planes. The lattice plane is colored in deep color.
The interplanar spacings between adjacent parallel lattice planes is denoted as
dhkl. Table 2.4 summarizes the relation of Miller indices and the interplanar spacings
dhkl. a, b and c are the lengths of the crystallographic unit cell. α, β and γ are the
angles between the unit cell.
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(A) the
(l00) lattice
plane.
(B) the
(110) lattice
plane.
(C) the
(111) lattice
plane.
FIGURE 2.9: Various lattice planes labeled in Miller indices.
2.4.5 Bragg’s law
As the x-rays are reflected by atomic structures, the reflected x-rays have construc-
tive or destructive interference. The phenomena is called diffraction. The reflected
x-rays generate a diffraction pattern. Bragg found the position of the peaks and
stated that the maximum intensity of the diffraction pattern satisfies the Eq. 2.11.
nλ = 2dhkl sin(θB) (2.11)
where n is the order of reflection, θB, the incidence angle, dhkl the interplanar
spacing, and λ the wavelength of the incident x-ray. Fig. 2.10 illustrates the Bragg
condition. The ∆1 and ∆2 are the phase shifts.
FIGURE 2.10: Bragg reflection, the maximum intensity is observed
when Eq. 2.11 is satisfied. The phase shifts are denoted as ∆1 and
∆2.
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TABLE 2.4: The interplanar spacings dhkl of various crystal structure
and its relation to crystal lattice parameters
crystal system constraints 1
d2hkl
Cubic a = b = c, h
2+k2+l2
a2
α = β = γ = 90◦
Tetragonal a = b 6= c, h2+k2a2 + l
2
c2
α = β = γ = 90◦
Orthorhombic a 6= b 6= c, h2a2 + k
2
b2 +
l2
c2
α = β = γ = 90◦
Hexagonal a = b 6= c, 43 h
2+hk+k2
a2 +
l2
c2
α = β = 90◦, γ = 120◦
Trigonal\ a = b = c, α = β = γ (h
2+k2+l2) sin2 α+2(hk+hl+kl)(cos2 α−cos α))
a2(1−3 cos2 α+2 cos3 α)
Rhombohedral
Monoclinic a 6= b 6= c, h2
a2 sin2 β
+ k
2
b2 +
l2
c2 sin2 β
− 2hl cos β
ac sin2 β
α = γ = 90◦
Triclinic a 6= b 6= c, S11h2+S22k2+S33l2+2S12hk+2S23kl+2S13hlV2
α 6= β 6= γ V= volume of unit cell,
S11 = b2c2 sin2 α,
S22 = a2c2 sin2 β,
S33 = a2b2 sin2 γ,
S12 = abc2(cos α cos β− cosγ),
S23 = a2bc(cos β cosγ− cos α),
S13 = ab2c(cosγ cos α− cos β).
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2.4.6 θ/2θ measurement
X-ray measurements in symmetric θ/2θ geometry is the most common method used
to study thin films. The diffracted x-rays from lattice planes that are parallel to the
sample surface are collected and analyzed. This is to say, only information from
the lattice planes that are parallel to the sample surface are collected (neither the
lattice planes that are tilted from the sample surface, nor the lattice planes that are
perpendicular to the sample surface). Fig. 2.11 shows the θ/2θ measurement. The
incidence angle, θ, and the detector angle θ, are kept the same during the whole
measurement. The direction of the scattering vector, Q, is thus kept perpendicular
to the sample surface in the symmetric θ/2θ measurement setup.
(A) Only lattice planes that
are parallel to the sample
surface are obtained from
θ/2θ measurement.
(B) θ/2θ measurement ge-
ometry from the viewpoint
of the sample [1].
FIGURE 2.11: Illustration of θ/2θ measurement setup and geometry.
2.4.7 Grazing incidence X-ray Diffraction
X-ray diffraction in conventional θ/2θ mode normally produces a weak signal from
thin layers and a stronger signal from the bulk substrate because of the penetration
of the x-rays into the material. For the purpose of collecting a strong signal from thin
film, grazing incidence x-ray diffraction, GIXRD, is preferred because the x-rays are
then not penetrateing as deep, but are diffracted to a larger extent in the top-most
layer. The incidence angle is very low (around 0.1 to 1 ◦) [10] and normally chosen
to be only slightly higher than the critical angle of reflection.
Fig. 2.12 shows the GIXRD configuration. The incidence angle, α, is at very
small angles and the detector is moved around the 2θ circle. The maximum travel
path of the incident x-ray in the thin film is calculated as l = t/ sin(α), where t is
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the thickness of the topmost layer. A reliable choice of the incident α is that the path
traveled by the x-ray should be comparable with the inverse attenuation coefficient
of the topmost layer, i.e. l ≈ 1/µ [2]. This means that α ≈ arcsin(µt), which gives
a rough α value. The scattering vector Q starts nearly parallel to the surface normal
S3, then its direction rotates close to K0 during the measurement. For polycrystalline
thin films, the GIXRD configuration is a better choice that confines diffraction as
much as possible to the material of interest.
(A) GIXRD measurement.
information from randomly
tilted lattice planes are
scanned and collected.
(B) GIXRD setup geometry.
FIGURE 2.12: Grazing incidence x-ray Diffraction geometry, the inci-
dence angle, α, is at very low value and kept constant during the whole
measurement while the detector is scanned in semisphere [2].
2.4.8 X-ray Reflectivity
X-Ray Reflectivity (XRR), is a nondestructive technique measuring reflectivity from
a material instead of evaluating the diffraction pattern. It can be used to measure
thickness (in subnanometer range), roughness, and density of a material by probing
the electron density profile. Single crystalline, polycrystalline, and amorphous thin
films can be measured by XRR equally well because XRR is not sensitive to the crys-
talline properties of the material. The incidence angle is at a very low value (grazing
incidence) and the intensity of the reflected x-rays is collected and analyzed. The
exit angle of the reflected x-rays is equal to the incidence angle of the x-rays. If the
surface or the interface of the sample is not perfectly smooth or sharp, the reflected
intensity will have a slight deviation. The XRR is related to the index of refraction
and wavelength of the x-ray [34]. The refractive index, n for the x-ray is defined as:
n = 1− δ− iβ (2.12)
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Where δ is the scattering factor and β the absorption factor of the material. The
scattering factor δ and the absorption factor β depend on the mass density and elec-
tron density of the material. The relation of δ, β and the electron density are defined
in Eq. 2.13 and 2.14, respectively [3].
δ =
re
2pi
λ2ρe =
re
2pi
λ2µN
∑i
xi(Zi+ f ′i )
Mi
∑i xi
(2.13)
β =
re
2pi
λ2µN
∑i
f ′′i
Mi
∑i xi
(2.14)
Where ρe the electron density, µ the mass density of the material, N the Avogadro
number, xi the number of atoms i, Mi the molar mass of atoms i, re the classical
radius of the electron, Zi the number of electrons of atom i in the unit cell. f ′ is
the real part and f ′′ is the imaginary part of the anomalous factor for the specific
energy of the incident x-ray, which can be found in [13]. The sum is calculated over
all atoms in a unit cell [3].
The critical angle, αc for total reflection, is defined in Eq. 2.15 [3]:
αc =
√
2δ (2.15)
FIGURE 2.13: XRR curve of multilayers deposited on Si substrate [34].
In most cases, αc takes the value between 0.1 ◦ to 0.4 ◦ if the Cu Kα x-ray source
is used. The refractive index n of a material at x-ray wavelength is normally slightly
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less than unity. When an x-ray impinges on a material (n < 1) from air (n = 1),
total reflection occurs at an angle below the critical angle. Increasing the incidence
angle, the reflected x-ray intensity decreases rapidly [34].
For multilayers of a thin film, the x-rays are partially reflected from each inter-
face, which generates a reflectometry pattern and fringes. The fringes are called
Kiessig fringes and were first described in 1931 by Kiessig. The oscillation of the
fringes becomes shorter if one has a thicker film. The amplitude of oscillation to-
gether with the critical angle provide information regarding the density of the ma-
terial. The larger the density difference between a layer and the layer beneath, the
larger the amplitude of the oscillation. The roughness also affects the reflected x-
ray so that the larger the roughness, the faster the decay rate of the intensity of the
reflected x-ray. The oscillations also damps faster. Fig. 2.13 illustrates a typical mea-
surement result of XRR. The reflected x-ray drops and damps with increasing 2θ
angle.
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Chapter 3
Development of the ferroelectric
capacitor
This chapter will introduce the sample fabrication including the cleaning steps of the
Si substrate, titanium nitride deposition using atomic layer deposition technique,
HZO deposition the using atomic layer deposition technique, and Au metalization
using an evaporator. Wet chemical etching of TiN will also be introduced. The
sample development was done in the Lund Nanolab.
3.1 Cleaning procedure
P-type 4-inch Silicon (Si) wafers, with resistivity ranging between 0.003 ohm·cm and
0.005 ohm·cm, thickness ranging from 500 µm to 550 µm were used as a substrate in
this work. Table. 3.1 summarizes the properties of the Si wafer.
TABLE 3.1: Summary of the Si wafer
Properties of the Si wafer Diameter (mm) Orientation
100 (100)
Type and dopant Resistivity (ohm·cm) Thickness (µm)
P, Boron 0.003-0.005 500-550
A cleaning procedure of the Si wafer was performed prior to the film deposition,
as follows: The wafer was first soaked in acetone at 55 ◦C on a hotplate for 15 min-
utes and then placed in isopropanol at room temperature for 5 minutes. This first
step was to clean the organic residues on the surface of the Si wafer and the second
step was to dissolve the rest acetone. The Si wafer was blow dried by nitrogen and
then placed in 10:1 H2O:HF solution at room temperature for 15 seconds in order
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to remove the native oxide on the Si surface. The last step was to rinse the Si wafer
using deionized water and then blow dry the wafer.
3.2 Film deposition process
3.2.1 Titanium nitride
The Titanium Nitride (TiN) was deposited on the 4-inch silicon wafer as the top and
bottom metal contact using plasma-assisted Atomic Layer Deposition (ALD). The
silicon wafer was placed inside the reactor in a low pressure ambient (1.5 ∗ 10−5
Torr). Tetrakis(dimethylamido)titanium (TDMAT) source was used as the precur-
sor with an argon/nit-rogen mix plasma at a fixed flow of total 500 sccm (50 sccm
nitrogen and 450 sccm argon). The whole deposition process was delayed for 30
minutes in order to pump out any residual water from the chamber wall. The depo-
sition was done with 170 cycles (around 10 nm) at 250 ◦C. Theoretically, the growth
rate (growth per cycle, GPC) is about 0.06 nm [18]. The TDMAT purge time and the
N2 purge time were set as 5 seconds. The TDMAT source was heated to 75 ◦C and
pulsed with a carrier flow of 60 sccm argon (Ar) for 0.8 seconds. Some parameters
such as the plasma gas mix, plasma time, and the plasma rate have complex im-
pact on the TiN deposition with several change of magnitude in the resistivity. The
deposition conditions of TiN are summarized in table. 3.2.
TABLE 3.2: Deposition conditions of TiN
Conditions Temperature Pulse and purge time Time (s)
TDMAT 75 ◦C TDMAT pulse 0.8
ALD valve 150 ◦C TDMAT purge 5
Precursor delivery 150 ◦C plasma time 60
Chuck 250 ◦C plasma purge 5
3.2.2 HZO deposition
The HZO deposited on the TiN bottom metal was done using another ALD system
(type, Picosun Sunale R-100). Tetrakis(DiMethylAmino)Hafnium (TDMAHf) and
Tetrakis(EthylMethylAmino)Zirconium (TEMAZr) were used as precursors. H2O
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was used as oxidant and nitrogen as carrier gas. The fabrication consisted of a repe-
tition of one cycle of HfO2 and one cycle of ZrO2 deposition. The total number of cy-
cles was 50, which deposited HZO with thickness of about 10 nm. It is expected that
intermixing of the HfO2 and ZrO2 monolayers will result in a uniform HZO film.
The chuck temperature was set as 200 ◦C for the first group of samples, and 100 ◦C
for the second group of samples. The temperature of the TDMAHf, TEMAZr, and
H2O sources were set as 90 ◦C, 110 ◦C, 26 ◦C, respectively. The pulse time, purge
time, and the carrier gas flow of TDMAHf, TEMAZr, and H2O were 1.6s, 8s, 150
sccm, and 1.6s, 8s, 150 sccm, and 0.1s, 80s, 150 sccm. The deposition conditions are
summarized in table. 3.3.
Fig.3.1 illustrated the process flow of the HZO deposition. The H fO2 layer was
colored in coffe and the ZrO2 layer was colored in green.
TABLE 3.3: HZO deposition conditions
Deposition conditions Temperature pulse time purge time carrier gas flow
TDMAHf resource 90 ◦C 1.6s 8s 150sccm
TEMAZr resource 110 ◦C 1.6s 8s 150sccm
H2O 26 ◦C 0.1s 80s 150sccm
FIGURE 3.1: Schematic of the HZO deposition.
3.2.3 Rapid thermal processing
Constant time with varying temperature
The samples were annealed in a Rapid Thermal Processing tool prior to the depo-
sition of the top TiN layer in a first series of experiments. The annealing time was
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set as 30 seconds for all samples. The only variable was the temperature for sample
annealing. Fig. 3.2 shows the RTP procedure where the y-axis is temperature in Cel-
sius and the x-axis is time in seconds (s). The point A to the point B are the points
determined by user (the duration from point A to point B was 38 seconds). How-
ever, the actual time to the temperature of 400 ◦C was delayed for about 5 seconds.
Thus, the actual annealing time started from point C and ended at point B (actual
duration was about 30 seconds). Similarly, another sample was annealed at 600 ◦C
(and 800 ◦C) for 30 seconds. Table. 3.4 summarizes the RTP conditions for all the
samples.
TABLE 3.4: Annealing conditions for various samples
Sample RTP temperature (◦C) RTP time (s)
A As-deposited 0
B 400 30
C 600 30
D 800 30
FIGURE 3.2: annealing temperature and time for one sample (sample
B).
Constant temperature with varying time
A second group of the samples were annealed as well. The conditions are summa-
rized in table. 3.5. The temperature was set as constant while the time was set as
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variable. The temperature curve was similar to the curve shown in Fig. 3.2.
TABLE 3.5: Annealing conditions for various samples.
Sample RTP Temperature (◦C) RTP Time (s)
E 400 10
F 400 60
G 600 10
H 600 60
I 800 10
J 800 60
3.2.4 Top TiN layer deposition
When the RTP was finished, the TiN top metal layer was deposited on the HZO
layer, depicted in Fig. 3.3.
FIGURE 3.3: Top TiN layer deposited on HZO layer
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3.2.5 Metal evaporation
Metal evaporation, is a common process of thin film deposition in vacuum ambient.
In this method, metal is deposited on a solid surface (solid substrate) by heating a
source material until the temperature of the source material reaches the vapor point.
The vaporized species travels and directly deposits on the target (solid substrate)
and the vapor particle condenses back to solid state. The evaporation process takes
place at a very low pressure (vacuum ambient), which means that contaminant par-
ticles and other undesired vapor are pumped out prior to the evaporation process.
A sensor used inside the chamber to detect the rate and thickness of the evapora-
tion. Fig. 3.4 illustrates a simplified picture of the evaporation tool. In this work,
a shadow mask with circles with various diameters was placed between the source
material and target. The deposition detail and conditions are summarized in table.
3.7. The sample with the final evaporated top Au is depicted in Fig. 3.5. The radii
of the various circles of the shadow mask is shown in Fig. 3.6. Table. ?? summarizes
the average values of the various radii of the circles in Fig. 3.6. The SEM image of
the sample after metalization is shown in Fig. 3.7.
TABLE 3.6: My caption
Circle label 1 2 3 4 5 6
Average radius (µm) 101.16 72.64 58.38 48.00 32.43 24.65
TABLE 3.7: Metalization conditions
Metalization conditions Material Thickness Rate Pressure
Samples Au 200 nm 2 nm/s < 8× 10−7 mbar
Chapter 3. Development of the ferroelectric capacitor 29
FIGURE 3.4: A simplified picture of evaporation tool and process
FIGURE 3.5: View of the sample deposited with top Au metal and
shadow mask.
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FIGURE 3.6: shadow mask.
FIGURE 3.7: SEM images of the sample.
3.2.6 Wet etching of TiN top capping layer
The final wet etching process, in order to etch the top TiN layer, was performed in
APM solution (NH4OH : H2O2 : H2O = 1:2:5). The preparation of the APM solution
was done as follows: 1. dropped 5 ml 25 % ammonia solution in 25 ml water, and
heated the solution to 60 ◦C on a hotplate. The temperature of the mixture solution
was measured using a thermometer. 2. dropped 30% hydrogen peroxide in the
H2O : ammonia solution, and heated it again to 60 ◦C. 3. soaked the sample for 11
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seconds in the solution and then soaked the sample in deionized water for rinsing.
The expected vertical and side etching rate is shown in Fig. 3.8. The time was
controlled to 11±0.5 seconds, which corresponds to 12 nm etch depth in vertical
direction and 5 nm etch depth in lateral direction. The actual wet etching time was
12±0.5 seconds in order to etch the TiN film completely in the vertical direction.
The side etching depth (around 5 nm) is negligible compared with the much larger
diameters of the Au circles. The final view of the sample is shown in Fig. 3.9.
FIGURE 3.8: Vertical etching depth and side etching depth of TiN metal
in APM solution at 60◦C [35].
FIGURE 3.9: The view of the real sample.
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Chapter 4
Experimental measurement
4.1 X-ray metrology measurement
XRR measurement was done for all the structures. The Si wafer with bottom TiN
layer was mounted and properly aligned to setup the XRR measurement. HZO/TiN-
/Si and TiN/HZO/TiN/Si structures were also measured in XRR mode. The results
will be discussed and analyzed in next chapter.
GIXRD was used to investigate the polycrystallinity of the HZO film (HZO/TiN/Si)
before annealing (as-deposited), annealing at 400 ◦C, and annealing at 600 ◦C, re-
spectively. The incidence angle was set to 0.6 degree.
4.2 Electrical measurement
The polarization of the MIM capacitor (Fig. 3.9) was measured as shown in Fig. 4.1.
The top Au layer was connected with a probe and the Si substrate was connected
from the bottom. Fig. 4.2 illustrated the measurements. The tips shown were probes.
FIGURE 4.1: The polarization curve was measured as shown. the sam-
ple was connect by a probe from top and the bottom.
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The connection as shown in Fig. 4.2a were used for the electrical measurement
while the connection shown as Fig. 4.2b were also attempted for checking whether
the top TiN layer were etched away. It is however possible that the probe on top
punched through the HZO film during measuring in this case.
(A) Electrical measurement. (B) The measurement used
for checking if the TiN top
layer were etched away.
FIGURE 4.2: Illustration of the measurement.
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Chapter 5
Results and discussion
5.1 XRR
The TiN/Si, HZO/TiN/Si, and TiN/HZO/TiN/Si structures were measured by
XRR to obtain the film thickness, shown in Fig. 5.1-5.3, respectively. The XRR was
fitted and analyzed by creating models using LEPTOS software. The fitting curves
are shifted upwards for visual clarity in the figures.
Table. 5.1 summarizes the parameters for the simulation of the TiN/Si structure.
A best fit to the measurement data of Fig. 5.1 allowed for setting the roughness
of the surface as 0.92 nm and the interface between TiN and Si as 0.88 nm. The
obtained thickness of the TiN 12.6 nm. There was no database of TiN in the LEPTOS
software. Thus, a simple model of TiN was created (by defining its density and set
as amorphous material), which caused deviations of the oscillation amplitude in the
final simulation. However the exacted thickness depends only on the oscillation
frequency and should thus be accurate.
The HZO/TiN/Si structure was simulated and compared to the measurement
data as in Fig. 5.2. The parameters are summarized in table. 5.2. The HZO model
was also coarsely created by defining the density and set as an amorphous material.
The density of HZO was measured and tuned by the software to be 6.15 g/cm3. It
was hard to judge which number fitted well with the measured data. One can see
that the fitting curve shown in Fig. 5.2 was worse than the fitting curve as shown
in Fig. 5.1. The main reasons for this could be faulty material parameters and non-
uniform interface roughness.
The top TiN layer was added on top of the HZO in the model for the simulation
with the same fitting method as previous study, as shown in Fig. 5.3. Table. 5.3
summarizes the parameters for this multilayer structure, TiN/HZO/TiN/Si. As is
seen, the fitted curve are even worse than the previous two studies ( HZO/TiN/Si
film and TiN/Si film).
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TABLE 5.1: simulation parameters of TiN/Si
Material Cell input Thickness Roughness Density
TiN density 12.6 0.92 5.4 g/cm3
Si density 0.00 0.88 2.32 g/cm3
TABLE 5.2: simulation parameters of HZO/TiN/Si
Material Cell input Thickness Roughness Density
HZO density 10.4 0.75 6.15 g/cm3
TiN density 12.6 0.92 5.4 g/cm3
Si density 0.00 0.88 2.32 g/cm3
TABLE 5.3: Simulation parameters of TiN/HZO/TiN/Si
Material Cell input Thickness Roughness Density
TiN density 12.3 0.94 5.4 g/cm3
HZO density 10.2 0.75 6.15 g/cm3
TiN density 12.6 0.94 5.4 g/cm3
Si density 0 0.88 2.32 g/cm3
Chapter 5. Results and discussion 36
FIGURE 5.1: XRR of TiN/Si structure.
FIGURE 5.2: XRR of HZO/TiN/Si structure.
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FIGURE 5.3: XRR of TiN/HZO/TiN/Si structure.
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5.2 GIXRD
Normally, it took a long time to collect the data with GIXRD setup owing to lim-
ited x-ray intensity. In this measurement, not all samples (A ∼ I) were measured
with the GIXRD setup. The 2θ range was limited from 20 ◦ to 40 ◦. The incre-
ment was 0.01, and the time for collecting each point was 20 (second per step).
Thus for each measurement, the total time for collecting the data was calculated as
(40− 20)/0.01 ∗ 20/3600 = 11.1 (hours). The GIXRD of as-deposited HZO/TiN/Si
sample is shown in Fig. 5.4. The HZO film showed amorphous structure because
no crystallinity was formed. The GIXRD of the sample annealed at 400 ◦C showed
similar results.
FIGURE 5.4: GIXRD of the as-deposited HZO/TiN/Si.
The HZO/TiN/Si (annealed at 600 ◦ C for 30s) structure were measured in GIXRD
at grazing incidence angle at 0.6 ◦. Fig. 5.5 shows the result and the peak identifica-
tion. The measured data were processed by subtracting the background. Two peaks
were identified at 30.5 ◦ and 35.44 ◦ (2θ). The peak positions match the expected
locations of the (111) and (200) reflections of the orthorhombic and tetragonal HZO
phases, which have overlapping reflections. The absence of the monoclinic (111) re-
flections (expected at around 27 ◦ at 2θ angle) indicates that the film may be at least
in part ferroelectric.
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FIGURE 5.5: GIXRD of HZO/TiN/Si (annealed at 600 ◦C at grazing
angle at 0.6 degree. The two theta rangle were selectively set from 20
to 40 degree.
5.3 Electrical measurement
All samples ( A ∼ I) with HZO film as insulator were leaking, thus preventing elec-
trical characterization ( they behaved as a resistor). The electrical measurement of
Au/TiN-/HZO/TiN/Si (before annealed, annealed at 400 ◦C, and annealed at 600
◦C, respectively) showed large leakage current as the DC signal went up when con-
nected as shown in Fig. 4.1. In order to find the reasons of the leakage current, two
reference capacitors Au/HfO2/TiN/Si, and Au/TiN/HfO2/TiN/Si were fabricated
in the same way as the Au/TiN/HZO/TiN/Si sample except that the fabrication of
HfO2 were deposited using another plasma-assisted ALD tool using an established
HfO2 recipe (125◦C). These two reference capacitors are shown in Fig. 5.6. These
two capacitors were also annealed at the same conditions as the previous samples.
The electrical measurement of Au/HfO2/TiN/Si sample (Fig. 5.6a, as-deposited
one) are shown in Fig. 5.7. However, the sample which was annealed at 600 ◦C for
30 s showed large leakage current. The input signal was set as triangle wave with
VPP=2 V, frequency = 100 Hz. The output voltage was around 10.5 V. In this mea-
surement, only the Au circle with the second largest radius (72.5 µm) was probed.
The sensitivity and function of the converter (which converted the current to volt-
age) were set as 20 nA per volt.
The reference capacitors shown as Fig. 5.6b (as-deposited, annealed at 400 ◦C,
annealed at 600 ◦C) showed large leakage current.
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(A) Au/HfO2/TiN/Si refer-
ence capacitor.
(B) Au/TiN/HfO2/TiN/Si
reference capacitor.
FIGURE 5.6: The two reference capacitors.
FIGURE 5.7: Electrical measurement result recorded from the oscillo-
scope. The input voltage and output current versus time.
The calculation of the dielectric constant of this HfO2 (the as-deposited one) were
shown below:
I = C
dV
dt
(5.1)
C =
ε0εrA
d
(5.2)
inserting ε0 = 8.85 ∗ 10−12, A = pi ∗ (72.5 ∗ 10−6)2, d = 10 ∗ 10−9, dVdt = 2/0.005,
and I = 1 ∗ 10−7 to the equations. εr is calculated as 17.5. This value is in the range
of the expected dielectric constant of HfO2 ranging from 16 ∼ 30 [11].
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Chapter 6
Conclusion
6.1 Conclusion
In this master project, HZO capacitor samples (Au/TiN/HZO/TiN/Si) were fabri-
cated and analyzed. Two reference capacitors were made in order to investigate the
leakage current.
The results of XRR, GIXRD, and the electrical measurement were showed and
discussed in chapter. 5. A supplementary measurement of LEEM was used to in-
vestigate the HZO films. However, LEEM could not provide any information from
the HZO films which were annealed in different temperature. This may be because
the grain size of the HZO was too small. A leaking device cannot be properly charac-
terized electrically. However, it can still be a ferroelectric film. Another factor could
be that the fabrication or the ALD tool has its own problems. The tool that was used
has had a problem in the past, that the deposited films have had microscopic holes.
Presumably, this problem should have been remedied, but it is possible that it still
remains, thus causing the leakage problem that was observed here.
The GIXRD measurement succeeded for the HZO film annealed at 600 ◦C. The
GIXRD of the sample annealed at 400 ◦C could not be detected. This could be that
the annealing temperature was too low to induce the crystallization of the HZO
film, although crystallization is expected at this temperature. A reason may be that
the HZO/TiN/Si films were annealed before the top TiN deposition and thus may
be subject of insufficient stress during annealing. To optimize the GIXRD of this
sample, top TiN capping layer may be deposited on HZO/TiN/Si samples prior
to the RTP, and the whole TiN/HZO/TiN/Si structured sample is annealed later.
Further RTP is needed since the deposition temperature done in this project was
around 250 ◦C.
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Appendix A
The calculation of the peak position at
2θ range
According to the Bragg’s law from Eq. 2.11 and the relation of the interplanar spac-
ing in table. 2.4, the peak position of the 2θ can be calculated as given below. For the
orthohombic structure (HZO), the lattice constants a,b, and c were taken from [21],
as 5.06 Å, 5.14 Å, and 5.27 Å.
nλ = 2dhkl sin(θB) (A.1)
1
d2hkl
=
h2
a2
+
k2
b2
+
l2
c2
(A.2)
For one case, the values of the (hkl) are set as (111). The 1/d2hkl is 11.29 and
the value of the d is 0.298. The λ is 0.154 nm is used in this calculation, and the
corresponding value of the 2θ is around 30◦.
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Appendix B
Reference peak position from other
work
The reference peaks positions of the HZO film are shown as below. The films were
crystallized at 500 ◦C during the deposition of a top TiN layer.
FIGURE B.1: Reference peak from [24].
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